A number of bone tissue engineering strategies use porous three-dimensional scaffolds in combination with bioreactor regimes. The ability to understand cell behaviour relative to strain profile will allow for the effects of mechanical conditioning in bone tissue engineering to be realized and optimized. We have designed a model system to investigate the effects of strain profile on bone cell behaviour. This simplified model has been designed with a view to providing insight into the types of strain distribution occurring across a single pore of a scaffold subjected to perfusion-compression conditioning. Local strains were calculated at the surface of the pore model using finite-element analysis. Scanning electron microscopy was used in secondary electron mode to identify cell morphology within the pore relative to local strains, while backscattered electron detection in combination with X-ray microanalysis was used to identify calcium deposition. Morphology was altered according to the level of strain experienced by bone cells, where cells subjected to compressive strains (up to 0.61%) appeared extremely rounded while those experiencing zero and tensile strain (up to 0.81%) were well spread. Osteoid mineralization was similarly shown to be dose dependent with respect to substrate strain within the pore model, with the highest level of calcium deposition identified in the intermediate zones of tension/compression.
INTRODUCTION
Mechanical compression resulting in mechanotransduction, the process whereby mechanical signals are converted into a series of biochemical signalling events (Nomura & Takano-Yamamoto 2000) , is known to enhance bone formation both in vitro (Mullender et al. 2004) and in vivo (Turner & Robling 2004) . Although a common mechanism is believed to underlie this phenomenon regardless of cell type (Iqbal & Zaidi 2004) , the finer points of the process require to be elucidated. For example, mechanical compression has been shown to enhance calcium levels in tissueengineered bone constructs ( Wood et al. 2006b ), yet little is known regarding temporal and spatial mineral deposition occurring as a direct result of load profile in a porous three-dimensional system similar to scaffolds used for bone tissue engineering applications. The ability to establish a relationship between these factors, if any exists, would allow the development of loadbearing tissue-engineered constructs with greater functionality, improved loading regimes for in vitro and in vivo applications and an enhanced understanding of many pathological problems observed in orthopaedic research.
In recent years, tissue engineering has emerged as a promising therapy for the treatment of tissue or organ damage or loss in orthopaedics (Oakes 2004) . The main routes to producing tissue-engineered bone incorporate three basic elements, namely cells, growth factors and three-dimensional polymeric scaffolds ( Hing 2004) . Cell-seeded constructs are generally cultured in bioreactors, for example spinner flasks and rotating wall vessel reactors, to increase diffusion throughout the system and in an attempt to mimic the dynamics of in vivo conditions, where mechanical stimulation, in the form of hydrostatic pressure and shear stress, is experienced by cells and tissues (Salgado et al. 2004) . Regardless of the approach taken, the mechanical properties of the scaffolds must be considered if the final construct is to be used clinically due to the continuous strain experienced in the bone environment in vivo ( Turner & Robling 2004) .
With developments in bioreactor manufacture (El Haj et al. 2005) and scaffold design (Sikavitsas et al. 2001) , mechanical conditioning of constructs, mimicking in vivo physiological environments for loadbearing tissues, is emerging as an alternative method of optimizing tissue formation in vitro (Ignatius et al. 2005) . Moreover, techniques are being developed which further enhance load effects provided by a perfusioncompression bioreactor system. For example, the dihydropyridine agonist Bay K8644 has been encapsulated and released from mechanically robust scaffolds, acting to augment the opening state of L-type voltageoperated calcium channels (VOCC) following their activation via a controlled loading regime ( Yang et al. 2002) . The effects of Bay K8644-encapsulated scaffolds on bone tissue formation in the presence of load include increased collagen I production and osteoid mineralization within constructs ( Wood et al. 2006b ). Thus, mechanical conditioning of cell-seeded constructs, often in the presence of biochemicals, is attracting a great deal of attention due to reports of accelerated tissue production in three-dimensional scaffolds and matrices.
However, even if constructs are subjected to a constant level of load, cells will perceive different local strains due to the irregular distribution of pores within the scaffold. How the spatial strain distribution affects cell morphology and mineralization, in the case of engineered bone, has yet to be fully deduced. We have developed a simple in vitro model allowing for the spatial effects of strain to be investigated relative to applied load. In this instance, the strain experienced by cells within the model is applied using a perfusioncompression bioreactor as observed during the mechanical conditioning of constructs for bone tissue engineering applications.
MATERIALS AND METHODS

Pore model
A model pore was produced using medical-grade silicone tubing (internal f2 mm, external f3 mm and length 5 mm). The tubing was briefly etched in diluted chromic acid for 3 s to roughen the inner surface of the construct, followed by rinsing in copious amounts of water. The inner surface of the tubing was then coated with collagen type 1 from calf skin in an acetic acid solution (Sigma) prior to cell seeding, to encourage cell attachment. Excess acetic acid was removed by thoroughly rinsing the tube with phosphate-buffered saline.
Cell culture
Bone cells were grown from rat tibia bone chips, as outlined elsewhere (Walker et al. 2000) and cultured in Dulbecco's modified Eagles medium supplemented with 10% foetal calf serum, 2 mM L-glutamine, 25 nM ascorbic acid, 100 nM dexamethasone, 10 mM b-glycerophosphate and 1% (v/v) antibiotic and antimycotic solution (Sigma). Media was supplemented with 1 mM Bay K8644, a calcium channel agonist known to enhance bone production in three-dimensional constructs subjected to mechanical conditioning in a perfusioncompression bioreactor (Wood et al. 2006a,b) . Approximately 3!10 6 cells ml K1 solution was used to fill the silicone tubing at passage 1. The cell-seeded constructs were placed with the longitudinal axis horizontal and cultured statically for 3 days, following which samples were separated into two groups where cell-seeded tubes were subjected to a further 3 days of either (i) control, static (nZ6) or (ii) perfusion-compression (nZ6) conditioning. Static conditioning refers to the absence of mechanical conditioning, where samples are placed in a Petri dish in an incubator only.
Bioreactor conditioning
Mechanical conditioning was induced via a perfusioncompression bioreactor where constructs were subjected to cyclic load for 1 h d K1 at 378C at a frequency of 1 Hz, during the 3-day conditioning phase. A pneumatic system was used to provide compressive pressure. Under these conditions, the displacement level was calculated at approximately 1% of the external diameter of the construct using a long focal length microscope, where the displacement of the material under load (alterations in the dimensions of the scaffold) was measured from these images and converted to a percentage relative to the height of the scaffold prior to loading ( Wood et al. 2006b ). The bioreactor, equipped with six reservoirs, provided media to each tubing sample within each circuit, where 20 ml media was supplied to the samples during the conditioning period. Perfusion was achieved using a Watson-Marlow snap-fit cassette system and peristaltic pump with perfusion rate set at 0.1 ml min K1 . A schematic overview of the bioreactor is presented in figure 1 . Control samples were left under static conditions (i.e. tubing samples were placed in a Petri dish in an incubator in the absence of mechanical conditioning). 
Modelling of strain distribution
The surface strain inside the single pore model due to a deformation of 1% of the external diameter was estimated using a finite-element (FE) model, which was generated and analysed using MSC.MARC/MENTAT, MSC Software. Owing to the symmetry of the pore, the strain values in only one quarter of the construct were examined (figure 2a). The pore was modelled using 12 eight-node hybrid plain strain elements (MSC.MARC element type 32). The elastic deformation of the material was modelled with a Mooney-Rivlin model based on data for a medical-grade silicone rubber (MED4950, NuSil Technology LLC, Sophia Antipolis, France: c10Z0.513 MPa, c01Z0.013 MPa, bulk modulus kZ65 MPa). The 1% deformation was applied using contact elements (figure 2). The strain at the inner surface, parallel to the surface in circumferential direction of the cylinder, was calculated in 13 points (six adjacent elements, each with three nodes at the inner surface; figure 2a).
SEM preparation
Following conditioning of cells within the single pore model, samples were prefixed in 4% formaldehyde in 0.1 M piperazine-1,4-bis-2-ethane sulphonic acid (PIPES, Fluka), pH 7.2. Prefixed samples were rinsed in PIPES and fixed for 15 min in 2.5% glutaraldehyde in PIPES, subsequently washed in double distilled water and dehydrated in an ethanol series, followed by three rinses in 100% Fluorosil (1,1,2-trichloro-1,2, 2-trifluoroethane), the transition fluid, at 5 min intervals. Specimens were then critically point dried in a POLARON E3000 critical point drier prior to sectioning single pore models into quarters. This involved cutting the pore into sections ensuring that the areas under investigation were a true representation of the strain profile being examined. Samples were subsequently mounted on aluminium stubs and coated with 10 nm carbon using a Baltec CED030 carbon thread evaporation unit (Balzers, Liechtenstein). A rotating stage was used when coating samples to ensure even coating of the concave surface.
2.6. Secondary electron and backscattered electron imaging and X-ray microanalysis of samples Backscattered electron (BSE) detection in combination with X-ray microanalysis allows for mineralized tissue to be identified relative to its location within the pore model. Briefly, BSEs are related to the atomic number of the material (Z ) from which they are emitted, providing information regarding the specimen density (Palluel 1947) . With respect to osteoid mineralization, calcium is a medium-density material (ZZ20) in a field of low-density organic matter, namely cells and matrix. Thus the two materials can be identified relative to one another within a specimen by providing variation in the number of BSEs produced, affecting image contrast . X-ray microanalysis can then be employed to identify the elemental composition of the bright, dense regions allowing for a positive identification to be made with respect to mineralized osteoid. An X-ray detector fitted within an FESEM with BSE detector permits these techniques to run concurrently (Wood et al. 2002) . For this work, a Hitachi S-4100 FESEM equipped with an Autrata-modified yttrium aluminium garnet single crystal scintillation BSE detector ( Institute of Scientific Instrumentation, Prague, Czech Republic) was used to image samples. The largest condenser aperture measuring 100 mm was used, maximizing the number of electrons in the primary beam, increasing BSE production following interaction of the beam with the specimen. The maximum condenser lens current (C18 setting) was also used, further optimizing the resolution of the FESEM by minimizing the spot size of the primary beam preventing spreading of primary electrons within the specimen. The Hitachi S-4100 was operated using an acceleration voltage of 5 keV. In secondary electron (SE) mode an emission current of 10 mA was used, while in BSE mode 50 mA emission current was selected. A working distance of 10 mm was used under these conditions, optimizing BSE collection and resultant resolution. EDX (Isis 300, Oxford Instruments, Whitney, UK) was performed at 20 keV accelerating voltage.
2.7. Calculating calcium distribution relative to strain profile BSE mode was used to detect dense materials in one quadrant of the pore model. Two areas within the quadrant, measuring 120!90 mm, were identified as Strain effects on bone cells M. A. Wood et al. 901 containing dense material. Six samples of the dense material identified within these regions were then investigated for their elemental composition using EDX. The results are presented in a scatter plot with data points connected by smooth lines.
RESULTS
FE analysis of strain distribution within the single pore model
The surface strain of the inner surface of the pore was modelled using FE analysis (figure 2). The positive values in the graph correspond to tension while the negative values indicate compression of the material in the FE model (figure 2b). The results indicate that a 0.82% tensile strain is generated at the top and bottom of the tubing (08 and 1808). At the right and left sides of the tubing (908and 2708), a 0.61% compressive strain is generated. These results were virtually insensitive to the exact material properties: a 10-fold variation in the elastic properties gave maximum strain variations below 10 K6 (1 mstrain). Moving from the top or bottom to a side location results in the tensile strain decreasing until reaching zero almost halfway across this region, before becoming increasingly compressive towards the side of the cylinder, and vice versa.
Bone cell morphology in static controls
Cells cultured under static conditions exhibited flat, well-spread morphologies as observed in images taken in SE mode (figure 3a). When imaged in BSE mode, there was a distinct lack of medium-and high-density material, indicating that bone cells cultured under these conditions were not capable of biomineralization.
Bone cell morphology as a result of strain distribution
Mechanically conditioned bone cells were imaged relative to their location within the pore model (figure 4). Cells located within a very narrow region at the top and bottom of the tubing were flat and well spread ( figure 4(i) ), indicating the effects of the surface tensile strain on cell morphology in this area. There was also an absence of mineralization within this region. These results are similar to those observed in static controls (figure 3) suggesting that tensile strain in this region is not as predicted in the FE model, but more similar to static conditions. A lesser amount of strain is observed in the FE model between the vertical and horizontal locations due to the transition from tension to compression as a result of strain dissipation throughout the pore (figure 2). Cells located within these regions tended to form multicellular aggregates containing a number of dense agglomerates identified as bright entities in the BSE images (figure 4(ii)). These were investigated at higher magnification using BSE in combination with EDX (figures 5-7). Cells within a thin region at the side of the tubing, believed to be subjected to the highest levels of compression, appeared extremely rounded (figure 4(iii)) and did not contain dense material.
Identification of calcium using BSE detection and EDX at low magnification
Dense features, appearing as bright entities in BSE images, were absent in static controls and observed only in regions of the pore model subjected to a reduction in surface strain levels relative to the areas of the model experiencing maximum tension and maximum compression (figure 4(ii)). Following identification of these features at low magnification, EDX was employed to investigate their chemical composition (figures 5 and 6). Not all dense features contained calcium, region 1 and spectrum 1 in figures 5a and 6, respectively; however, many of these entities were observed to contain calcium with a peak prevalent at 3.7 keV identified using EDX, regions 2-4 and spectra 2-4 in figures 5a and 6, respectively. Identification of calcium-containing material at low magnification (figures 4b and 5a) allowed for an overall view of the calcium distribution to be identified prior to more precise investigation at higher magnification using BSE detection (figure 7). All silicone peaks in the EDX graphs are believed to originate from the pore model material, while all peaks observed at the left of the graphs occur due to background, including sample coating and organic material in the form of carbon, nitrogen and oxygen components. It should be noted that light elements including carbon, nitrogen and oxygen compose the organic fraction of bone, including cells and osteoid, and also constitute a portion of the mineral phase (Vajda et al. 1996) with oxygen comprising a large portion of the mineral fraction ( Vajda et al. 1998) . However, calcium is used to identify the mineralized osteoid in the present study, limiting any inaccuracies regarding organic components.
Morphological identification of dense material using SE and BSE detection
High-magnification SE imaging indicated that the dense material observed using BSE imaging was coated with cellular material, possibly membrane (figure 7). BSE imaging of the high-density material (figure 7b) indicated that the calcium-containing entities are composed of agglomerates of rod-or needle-like structures.
Calcium distribution relative to strain profile
A series of zones were superimposed on a lowmagnification BSE image of the pore model relative to the FE data (figure 8). Areas of maximum tension exhibit well-spread cells (similar to static controls), regions of maximum compression contain rounded or very few cells and regions of reduced surface strain, especially those closest to the area of maximum compression, display well-stretched multicellular agglomerates as previously demonstrated (figure 4). In figure 8 , however, a zero-load zone has been included, as identified in the FE analysis, and contains few cells. The cells which are present within this region appear to have dislodged from the reduced strain region on the right, probably a result of sample handling, fixing and dehydration, as they bridge this zone and form connections with cells in the reduced strain region on the left. All zones were investigated at high magnification in BSE mode, but only dense entities were identified in cells and osteoid subjected to reduced surface strain relative to maximum tension and maximum compression sites. An area within each of these regions was investigated using BSE mode and six dense sites using EDX. The number of calcium agglomerates identified using this method were plotted Strain effects on bone cells M. A. Wood et al. 903 relative to local strain conditions, where data points are connected by lines suggesting a smooth transition between the amount of calcium produced as a result of strain in an ideal model (figure 9). These results indicate that two main sites of the pore model quadrant investigated, both of which are subjected to reduced surface strain, are capable of producing bone cell and osteoid mineralization under the experimental conditions outlined, namely 1% deformation of the tubing's outer diameter applied for 30 min d K1 for 3 days at 1 Hz in the presence of Bay K8644.
DISCUSSION
Through the use of our in vitro pore model, we have demonstrated that bone cell phenotype and differentiation is altered as a result of the strain profile. Bone cells experiencing different strains within the model, identified using FE analysis, exhibit distinctive morphologies. Specifically, cells subjected to compressive strains (up to 0.61%) appeared extremely rounded while those experiencing zero and tensile strain (up to 0.82%) exhibited flat and well-spread morphologies, similar to cells cultured under control static conditions. Only those cells exposed to a reduced level of strain with respect to regions of maximum tension and maximum compression form mineralized osteoid produced by multicellular aggregates. Mineralized tissue was absent from static controls and observed only in regions of our mechanically conditioned pore model where cells experienced reduced strain levels and formed multicellular aggregates with their neighbours, indicating the importance of cell-cell contacts for in vitro bone tissue production. Well-spread cells subjected to static conditioning in control samples and, in the mechanically conditioned single pore model maximum tension, rounded cells subjected to maximum compression and cells located within the 'zero-strain zone' are not inclined to produce mineralized matrix. These results indicate that alterations in bone cell morphology as a result of strain are paramount to osteoid Figure 6 . EDX spectra of points identified using BSE detection as in figure 5a and are labelled accordingly. (a) The first highdensity entity identified (1), did not contain calcium, but was primarily composed of sodium and sulphur, spectrum 1. (b-d ) The spectra 2-4 did contain calcium, highlighted with a cursor at 3.7 keV, thus these points were further investigated at higher resolution. The silicone peaks arise due to the silicone composition of the biomaterial upon which cells were cultured. The other peaks to the left of the spectra are background peaks including oxygen, nitrogen and carbon.
5IL312 5.0 kV 2.00 µm 5IL310 5.0 kV 2.00 µm (a) (b) Figure 7 . Higher resolution (a) SE and (b) BSE imaging of the calcium agglomerates identified in figure 5 . SE imaging indicates that these crystal features underlie biological material, suggesting that they are of cellular origin. The interweaving filaments located around the crystals substantiate this. BSE imaging indicates that the calcium entities are composed of rod-like structures.
mineralization. Cell-cell contacts appear to be fundamental with respect to the production of mineralized matrix occurring as a result of mechanical conditioning in the presence of the L-type VOCC-agonist Bay K8644. These findings suggest that the cell proliferation is not essential for bone tissue production in vitro, but rather cell-cell contacts are the driving force of bone formation, and can be induced using a stringent loading regime. It should be noted that static controls did not allow for cells to experience the shear forces of those in conditioned samples. However, the cells subjected to shear within the conditioned constructs at points of zero or low strain acted as a control for this situation. The quantity and location of calcium in matrix vesicles or extracellular hydroxyapatite (HA) [Ca 10 (PO 4 ) 6 (OH 2 )], the main component of bone mineral, are controlled by bone cells, supporting the importance of this element in identifying osteoid mineralization (Anderson 1995) . When analysing the X-ray microanalysis data, a lack of phosphate, which would peak at approximately 1.9 keV on the graphs, was noted. This finding is of interest when considering the accuracy of EDX, which can detect an element composing only 1% of the volume under investigation, and previous suggestions that PO 4 3K accumulation is believed to precede that of calcium in relation to matrix vesicle mineralization (Anderson 1995) . Our EDX analysis suggests that mechanical loading in vitro may potentially alter the process of mineralization identified with respect to matrix vesicles and osteoid in vivo.
Alterations in cell shape and adhesion are functionally and physically coupled to the genes by the tissue . Calcium distribution relative to load within one quadrant of the pore model. A plot of the number of positively identified calcium agglomerates relative to local strain, highlighted in figure 8. Strain angles are included for reference. BSE mode was used to detect dense material relative to cells. Dense materials were observed only in areas subjected to reduced strain levels, on each side of the zero-load zone. An area within each zone was then investigated using EDX, where six agglomerates were investigated for their calcium content, all of which were positively identified. Strain effects on bone cells M. A. Wood et al. 905 matrix (Bidwell et al. 1998) ; thus alterations in cell morphology indicate alterations in cell behaviour and, ultimately, gene expression (Pavalko et al. 2003) . The effects of bone cell morphology have previously been discussed, for example in the ex vivo formation of human bone subjected to cytokine treatments (Kale et al. 2000 ); yet little is documented concerning the effects of strain levels on bone cell morphology and osteoid mineralization in vitro, especially with respect to bone tissue engineering applications. Our model allows for the effects of load dissipation throughout a single pore to be deduced in relation to cell morphology and osteoid mineralization. Further development of this model may allow gene and protein expression to be investigated relative to strain profiles within a single pore of a more complex three-dimensional tissueengineering scaffold, where strain levels are gauged using FE analysis. Identification of load-affected cell morphology and resultant differentiation allows for correlations to be identified with respect to cell shape, extracellular matrix production and mineralization, further enhancing our understanding of bone production. This information will enhance our understanding of tissue-engineered bone production in vitro, allowing for optimization of loading regimes in bioreactors and preconditioning of constructs.
The model outlined has been produced to provide insight into the distribution of strain occurring across individual pores within a complex porous tissueengineering scaffold. It should be noted that a number of factors in our model have been simplified in relation to pores observed within scaffolds. For example, the size of pores within the scaffolds used for our bone tissue engineering applications range from 250 to 355 mm in diameter with a more complex, crystalline curvature occurring as a result of the salt leaching process ( Wood et al. 2006a,b) . These discrepancies must be taken into consideration when comparing the results of our model to three-dimensional porous scaffolds, and occur within our model to allow for more accurate image acquisition and precise location of strains relative to cells. The single pore model provides a platform to enhance our understanding of the mechanisms employed by bone cells when sensing and responding to load and their ability to distinguish between strain types and strain magnitude. This information can be used to optimize tissue-engineered bone production in response to mechanical loading. Furthermore, this model offers an in vitro means of examining these factors in relation to the complex topological surface of bone ( Pavalko et al. 2003) , where the internal topography of pores can be altered through the application of fabrication techniques presently practiced ( Wood et al. 2002; Berry et al. 2005; Wood 2007) . Our model allows for variations in strain levels to be investigated, allowing for strain profiles similar to the heterogeneous distribution of load in trabecular bone (Niebur et al. 2000) to be examined in the presence of pharmacological or growth factors used in tissue engineering strategies and allowing for the development of enhanced bone tissue engineering protocols. This pore model may also provide a means of investigating bone injury response under controlled mechanical conditions in vitro and possible interventional strategies (Landry et al. 1996) , and factors influencing the non-random event of matrix vesicle positioning (Anderson 1995) relative to load.
CONCLUSION
Our pore model provides a platform to enhance our understanding of the mechanisms employed by bone cells when sensing and responding to load in vitro and their ability to distinguish among strain types, strain direction and strain magnitude. Using FE analysis in conjunction with the model shows that cells express specific morphologies dependent upon localized strain profiles in the presence of Bay K8644. Those subjected to compressive strains (up to 1450 mstrain) appeared extremely rounded while cells experiencing zero and tensile strain (up to 1700 mstrain) exhibited flat and well-spread morphologies, similar to cells cultured under control static conditions. Only those cells exposed to a reduced level of strain with respect to regions of maximum tension and maximum compression form mineralized osteoid produced by multicellular aggregates, indicating the importance of cell-cell contacts for in vitro bone tissue production. Moreover, EDX analysis highlighted a lack of phosphate (present in HA, the main component of bone mineral) in mineralized tissue formed via mechanical loading in vitro suggesting that this process may potentially alter the process of mineralization identified with respect to matrix vesicles and osteoid in vivo. Thus the model offers an in vitro means of examining heterogeneous strains similar to those observed in trabecular bone to be examined in the presence of pharmacological or growth factors and in relation to the complex topological surface of bone allowing for the development of enhanced bone tissue engineering protocols. This pore model may also provide a means of investigating bone injury response under controlled mechanical conditions in vitro and possible interventional strategies, and factors influencing the nonrandom event of matrix vesicle positioning relative to load.
